It is commonly assumed that anti-predator vigilance by foraging animals is costly because it interrupts food searching and handling time, leading to a reduction in feeding rate. When food handling does not require visual attention, however, a forager may handle food while simultaneously searching for the next food item or scanning for predators. We present a simple model of this process, showing that when the length of such compatible handling time H c is long relative to search time S, specifically H c /S Ͼ 1, it is possible to perform vigilance without a reduction in feeding rate. We test three predictions of this model regarding the relationships between feeding rate, vigilance and the H c /S ratio, with data collected from a wild population of social foragers (samango monkeys, Cercopithecus mitis erythrarchus). These analyses consistently support our model, including our key prediction: as H c /S increases, the negative relationship between feeding rate and the proportion of time spent scanning becomes progressively shallower. This pattern is more strongly driven by changes in median scan duration than scan frequency. Our study thus provides a simple rule that describes the extent to which vigilance can be expected to incur a feeding rate cost.
INTRODUCTION
The importance of vigilance (scanning behaviour) in the detection of predators has been well established in numerous theoretical and empirical studies, reviewed most recently by Bednekoff & Lima (1998) and Treves (2000) . Nevertheless, despite the demonstrable benefits of vigilance behaviour, its performance by animals is limited because it requires exclusive visual attention, thereby interrupting other fitness-enhancing activities. This is best documented in foraging animals, where vigilance can substantially reduce feeding rates (e.g. Saino 1994; Beauchamp & Livoreil 1997; Fritz et al. 2002) . This cost is believed to underlie many classical patterns of vigilance behaviour, such as the group-size effect: animals in smaller groups are more vigilant because they are at higher risk of predation and therefore more willing to reduce foraging success to increase vigilance (see reviews in Elgar 1989; Roberts 1996 ; see also . The fundamental importance of this cost is also recognized in many theoretical models of vigilance, where foraging and scanning are treated as mutually incompatible (e.g. Pulliam et al. 1982; Lima 1987; McNamara & Houston 1992) .
However, recent research has questioned the assumption that foraging and predator detection are always mutually exclusive. One complication has been the finding that non-vigilant animals can still detect approaching predators, albeit with less efficiency than vigilant animals Dukas & Kamil 2000) . Another complication, and the focus of this study, has been the recognition that vigilance and foraging can potentially occur simultaneously when food handling does not require continuous visual attention (Lima 1988b; Bednekoff & Lima 1998 ). This is best documented for granivorous birds husking large seeds (Popp 1988; ), but it is likely to occur in a wide range of foragers.
Importantly, for animals that forage visually, handling time that does not require visual attention may not only be used for vigilance but also to search for the next food item. If search time is short relative to handling time, then a foraging animal can both locate the next food item and be vigilant before it has finished handling its current food item, making vigilance behaviour cost free. Illius & Fitzgibbon (1994) present a theoretical model that explores this possibility in the specific context of grazing ungulates, but their work has yet to be extended to other taxa. Moreover, empirical studies remain to be carried out (Cowlishaw 1998) . Our purpose in this paper is thus twofold: to present a simpler, verbal model than that of Illius & Fitzgibbon (1994) , which can be applied to any foraging animal, and to carry out an empirical test of this model in a wild population of social foragers, samango monkeys Cercopithecus mitis erythrarchus.
Our conceptual model of this process can be described as follows. We assume that the handling time for a given food item can be broken down into two components: (i) incompatible handling time, which requires visual attention (e.g. picking up a seed); and (ii) compatible handling time, which does not require visual attention (e.g. chewing a seed) and can therefore be performed at the same time . Bars representing the possible partitioning of activities between bites when food handling may overlap with other activities, to some extent. Handling time is held constant while search time increases from (a) to (c). When search time is less than compatible handling time (a), the excess handling time required before initiating the next bite can be used for vigilance without reducing the feeding rate. When search time is equal to or greater than compatible handling time (b and c), any time spent scanning will directly increase the time between bites, and therefore reduce feeding rate.
as other activities. Thus, during foraging, the time between bites may be composed of both incompatible and compatible handling time, together with searching time and vigilance time. Searching and vigilance can be performed simultaneously with compatible handling, but not with incompatible handling, nor with each other (figure 1). Furthermore, searching time is a variable fixed by the environment (food abundance), whereas the time devoted to vigilance is entirely under the control of the individual; feeding may occur without vigilance, but not without searching. Assuming, therefore, that compatible handling time will preferentially be used to search for the next food item, the extent to which vigilance can occur without reducing the feeding rate will depend on the amount of compatible handling time H c relative to the amount of search time S required to find each food item. If S is very high, spending time being vigilant is always likely to reduce the feeding rate, even if H c is high. Conversely, if S is very low, even a modest value of H c may provide scope for vigilance without reducing the feeding rate. The extent to which vigilance can be performed without reducing the feeding rate may thus be readily summarized as the ratio of H c to S (H c /S). A ratio value of one is a natural threshold point. Below this, there will never be any spare compatible handling time, and we would expect any degree of vigilance to lead directly to a reduced feeding rate. Above this threshold, vigilance may be to some extent cost-free, and the larger the ratio becomes, the more time can be spent being vigilant without reducing the feeding rate.
Based on this conceptual model, and assuming that vigilance takes place partially during spare compatible handling time, we can make three predictions about the expected patterns of variation in feeding rate among foragers. First, we would expect a negative trend in feeding rate with increasing vigilance, because extra vigilance will, on average, increase the time between bites (prediction 1). Second, we would expect a positive trend in feeding rate with increasing H c /S ratio, because increasing the amount of compatible handling time available for overlap with vigilance will, on average, reduce the time between bites (prediction 2). Third, our crucial prediction, we would expect an interaction between vigilance and the H c /S ratio, such that the negative relationship between feeding rate and vigilance (previously described in prediction 1) becomes shallower when the ratio is high, particularly as it exceeds one (prediction 3). The analyses below focus on testing these predictions.
In our predictions above, we equate vigilance behaviour simply with the time spent vigilant. However, this may be decomposed into two constituent parts, namely the frequency and length of individual scans. In the following analyses we therefore focus first on time spent scanning (expressed as a proportion of total time), because this measure is directly equivalent to the concept of vigilance as outlined in the model and predictions above. We then examine these same three predictions in relation to the frequency and duration of scans, to clarify the key behaviour(s) that may be driving the relationship between foraging and vigilance.
METHODS (a) Study population and data collection
Data were collected from a wild population of samango monkeys, C. m. erythrarchus, in the Cape Vidal dune forest, South Africa (28°05Ј S, 32°33Ј E). Samango monkeys are small arboreal monkeys that have an eclectic diet (largely fruit, leaves and flowers) and are vulnerable to a range of predators including eagles, snakes and leopards. Further information on the feeding ecology of this population is provided by Lawes (1991) . Data were collected from two habituated social groups from March to July 1997. These two groups were comparable in demographic composition, each consisting of one adult male and 11 adult and subadult females, plus offspring. Data on foraging bouts were collected from all adult and subadult females in each group (n = 22).
Each foraging bout was quantified by a pair of observers who jointly followed an individual focal animal. A foraging bout was defined as beginning when the focal animal started feeding, and ceasing when the animal stopped feeding or the conditions of the bout changed, e.g. when the focal animal switched to another food type or to another feeding site, leading to a change in food abundance. During the foraging bout, each bite and the beginning and end of each act of vigilance were recorded in real time on a dictaphone (where vigilance was defined as a movement of the head or eyes when the direction of gaze was not the feeding substrate). Subsequent transcription permitted calculation of the bout-specific feeding rate (bites per minute) and thus mean inter-bite interval (in seconds), together with three measures of vigilance: the frequency of scans (scans per minute), the median duration of scans (the time spent looking away from the feeding substrate, in seconds), and the proportion of time spent scanning (the sum of all scanning time, expressed as a proportion of the total bout length). The identity of the focal animal, the plant species on which it was foraging and the plant part (leaf, flower, berry, pod or shoot) being consumed were also noted. In addition, for each food type, the handling time (in seconds) was also recorded.
A total of 1037 feeding bouts were recorded across 22 females and 12 food types. The median number of bouts per female was 49 (range: 5-72) and the median number of bouts per food type was 47 (range: 19-330 
(b) Calculation of the H c /S ratio
The H c /S ratio varies between bouts (depending on the abundance of food and therefore the value of S ) and between food types (depending on the associated value of H c ). To determine H c , it was first necessary to determine the incompatible handling time H i . For each foraging bout, we calculated the fraction of the mean inter-bite interval that was free of vigilance (by subtraction of the time spent scanning) and then estimated H i as the mean value of the 10 shortest vigilance-free inter-bite intervals recorded for each food type. This method assumes that the fastest feeding rates occur where food is most abundant (search time approaches zero) and feeding rate is therefore limited only by incompatible handling time. We then calculated H c for each food type as H c = H Ϫ H i , where H is the total handling time per bite. The search time, S, for each bite was then calculated as S = B Ϫ H i Ϫ V, where B is average inter-bite interval for the bout, and V is the average scanning time between each bite during the bout. The H c /S ratio was then calculated for each feeding bout.
In the preceding calculations, observation error led to a small number of cases in which the values of H c and S were negative. These instances were rare (10.1% of cases for H c and 5.6% of cases for S ) and of a negligible magnitude approaching zero (with mean values of less than 1.0 s in both cases: Ϫ0.94 ± 0.09 s and Ϫ0.42 ± 0.05 s for H c and S, respectively). We therefore set H c to a minimum value of zero, and S to a minimum value of 0.10 s. Our analyses below are carried out with the H c /S ratio as both a categorical and a continuous variable. In the categorical case, our observations were assigned to one of two groups (with values either greater than one, or less than or equal to one) in accordance with the natural threshold that we expect to separate qualitatively different feeding-rate responses (see § 1).
Our key analysed variables (feeding rate, proportion of time scanning and the H c /S ratio) are all calculated from a set of raw field variables (number of bites, length of bout, length of time scanning and total handling time per bite). Because all of the derived variables share some of the raw variables with one another, it may be expected that relationships among them could arise by chance. We tested this possibility using a Monte Carlo simulation, in which a large set of raw data was randomly generated, the derived variables were calculated as above and relationships among them examined. This suggested that no correlation should be expected between feeding rate and either the proportion of time spent scanning or the H c /S ratio (-0.01 Ͼ
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r p Ͼ 0.01, in both cases). Conversely, a positive correlation may be expected between the proportion of time spent scanning and the H c /S ratio (r p Ϸ 0.7). This colinearity could potentially prevent us from examining the independent effects of these two variables on feeding rate. However, we found that there was in fact a weak negative correlation between them (r p = Ϫ0.15). There is therefore no evidence that the relationships under investigation in this study might be confounded by colinearity.
(c) Statistical analysis
Because our units of observation are foraging bouts collected on known focal animals feeding on specific food types, we have multiple observations of both individual focal animals and food types. We have therefore used cross-classified multilevel models, implemented in MLwiN (Rasbash et al. 2000) . Effectively, we have two higher classifications, namely unique individual focalanimal identities and food identities that are mapped onto a unique classification set (Browne et al. 2001) . Our model thus takes the form
where the value y of the ith observation on foraging is modelled by the overall mean ␤ together with random departures u animal due to the focal animal, random departures u food due to the food type, and individual-level random departures e i for each specific observation (Rasbash & Goldstein 1994; Browne et al. 2001) . Fixed effects (explanatory variables) are then added in the normal manner. All variables were log e -transformed prior to analysis.
RESULTS
Analysing the effects of vigilance and the H c /S ratio on our response variable, feeding rate, we found that all three of our predictions were supported. First, there is a significant negative correlation between feeding rate and the proportion of time spent scanning (table 1a; figure 2a). Second, feeding rate is significantly greater when H c /S Ͼ 1.0 (table 1a) . Third, there is a significant interaction between time spent scanning and H c /S, such that when H c /S р 1.0, feeding rate declines strongly with increasing vigilance, but when H c /S Ͼ 1.0, the effect of vigilance on feeding rate is much less pronounced ( figure  3a; table 1a ). Further analysis of these relationships with the H c /S ratio entered as a continuous variable substantiates these findings (table 1b) and demonstrates how the negative relationship between the feeding rate and time spent scanning becomes progressively more shallow as H c /S increases (figure 3b).
We then investigated whether variation in the proportion of time spent scanning is determined primarily by scan frequency, median scan duration, or a combination of the two. First, we examined the general trends between these variables. The proportion of time vigilant is correlated strongly with scan duration (Pearson's correlation: r = 0.78, n = 1037, p Ͻ 0.001) but less strongly with scan frequency (r = 0.44, n = 1037, p Ͻ 0.001), while these two vigilance components are not themselves associated (r = 0.30, n = 1037, p = 0.33). Second, we modelled the proportion of time spent scanning as the response variable and scan frequency and duration as the predictors, with all variables standardized to have a mean of zero and standard deviation of one. This analysis produced a parameter Table 1 . The statistical effects of three measures of vigilance (V) and the H c /S ratio (R) on feeding rates, controlling for repeated observations on individual focal animals and food types (entered as cross-classified random effects). (Table shows parameter -5 -4 -3 -2 -1 0 proportion of time scanning estimate of 0.39 ± 0.01 for scan frequency and 0.64 ± 0.01 for scan duration. These results indicate that although it is a combination of scan frequency and duration that determines the proportion of time spent scanning, the effect of scan duration is nearly twice as strong as that of frequency. Finally, we investigated whether the relationships between the proportion of time spent scanning, feeding rate and the H c /S ratio obtained above (predictions 1-3) could also be detected in scan frequency and median scan duration. Our results indicate that these patterns are most consistently replicated in scan duration (table 1; figures 2b,c and 3c,d).
DISCUSSION
Our simple model predicts that the costs of vigilance vary according to food type and abundance (search time)
Proc. R. Soc. Lond. B (2004) in animals foraging under natural conditions. Specifically, we predict that a forager should be able markedly to reduce the costs of vigilance with respect to feeding rate when some portion of its handling time is compatible with vigilance, and when this period is long relative to search time, i.e. when the H c /S ratio is high. Our results from the field support this model. This simple general rule, likely to be of relevance to many foragers, challenges the widely held assumption that the costs of vigilance are usually fixed and substantial. It also lends support to current work that highlights two research needs: (i) the need to recognize time sharing among foraging behaviours traditionally considered as mutually exclusive, such as handling time and searching time (Spalinger & Hobbs 1992) , and the important implications of such time sharing (Illius et al. 2002) ; (ii) the need to test more thoroughly many of the basic assumptions of studies of anti-predator vigilance behaviour (e.g. Lima 1995; . These results may also help to explain several inconsistencies in the existing literature, e.g. why some studies have failed to find a relationship between vigilance and foraging success (e.g. Cresswell 1994 ).
The predictions of our model that link feeding rate, vigilance and the H c /S ratio are based on the proportion of time spent scanning. The observed patterns of scanning time appear to be driven by changes in both median scan duration and scan frequency, although the effect of scan duration is the stronger of the two. Accordingly, the patterns of covariation between the proportion of time spent scanning, the feeding rate and the H c /S ratio are only consistently reproduced with scan duration. Why scan duration should be more important than scan frequency is unclear. Several studies have investigated the relative importance of scan frequency and scan duration as a response to predation risk, and the patterns of covariation between the two (e.g. Studd et al. 1983; Gluck 1987; Barbosa 1997) , but these studies have not obtained consistent results. Nevertheless, current work on sequences of vigilance may shed light on the interactions between these different aspects of vigilance behaviour (Desportes et al. 1993; Bednekoff & Lima 1998 Scannell et al. 2001) .
Previous studies of predation risk and vigilance behaviour have consistently found that vigilance increases under conditions of higher predation risk, for example when animals are in groups of small size (e.g. Blumstein et al. 1999) , are distant from refuge (e.g. Cowlishaw 1997), or in habitats of low visibility (e.g. Lazarus & Symonds 1992) . However, an important implication of our study is that if the feeding costs of vigilance are small, and in some cases negligible, then animals at low risk of predation will have little to lose by maintaining high levels of vigilance, thus leading to a breakdown in the classic relationships between vigilance and predation risk. This seems especially plausible given the recent finding that when anti-predator vigilance becomes more costly its performance is reduced (Arenz & Leger 1999) . It is also possible that a low cost of vigilance might explain why some studies report deviations from common anti-predator vigilance patterns. For example, a disproportionate number of exceptions to the vigilance-group size pattern are seen in herbivorous primates (Treves 2000) : as herbivores, these primates are likely to experience substantial periods of compatible handling time as they chew their plant foods.
Finally, these findings also raise the question of whether animals might preferentially select foods that have relatively high compatible handling times and/or low search times, especially when under high risk of predation. Lima (1988b) showed that the incorporation of vigilance into the classical diet-choice model (Charnov 1976) led to very different predictions about diet selection when vigilance was compatible with handling some food types. Lima (1988a) went on to show that dark-eyed juncos (Junco hyemalis) exhibit non-classical diet selection when the foods available differ in their exclusivity of vigilance and handling time (i.e. compatible handling time), and that a preference for those foods with high compatible handling time declined in larger groups where the need to be vigilant was reduced (a pattern that would further compromise the vigilance-group size effects discussed above). The results of our study suggest that such findings may have wide application, as any forager may be able to reduce its costs of vigilance by maximizing the H c /S ratio of the food that it forages upon.
